Abstract. X-ray diffraction in thin layers and layered systems is described using the optical coherence approach and the semi-kinematical diffraction theory. Two defect models in thin layers eve considered-the mosaic structure model and the model of interface roughness. For both defect models the reflection curves of a thin layer and a superlattice have been calculated and compared with double-crystal x-ray diffractometry results on superlattices and epitaxial layers. The distribution of the diffusely scattered intensity near a reciprocal lattice point has been calculated theoretically for both models and it has been proved experimentally by double-and triple-crys!al diffractometry of epitaxial layers with mosaic structure. It has been demonstrated that the theory yields a tool for estimating the predominant defect type in a layered structure.
Introduction
X-ray diffractometry can be used not only for determining basic structural parameters of epitaxial layers (ELS) and superlattices (SU) such as thicknesses and lattice parameterj, but also for studying their defect structure. X-ray diffraction in a thin layer can be described by means of the semi-kinematical approximation [I] . This method enables us to calculate the wavefield on the exit surface diffracted by a thin single crystal or layered system with structural defects, if the whole crystal thickness is much smaller than the x-ray extinction Icngth. If the defects are randomly placed in the crystalline matrix a diffuse x-ray scattering (DXS) occurs. This phenomenon can be described within the semi-kinematical approximation using the optical coherence formalism [2]. The DXS study provides valuable information concerning the dcfect structure and symmetry.
In this paper two types of structural defects are considered:
(i) volume defects in ELS and SLS described by a mosaic defect model and (ii) interface defects in SLS (roughness).
The mosaic structure of ELS and SLS has been studied in several papers (e.g. The influence of rough interfaces in an SL on x-ray diffraction has been studied theoretically calculating the x-ray reflection curves considering random deviations of layer thicknesses [S-71. In our previous papers [8,9] these defects have been described using the coherence formalism and DXS from these defects has been investigated. The aim of this paper is to show the possibility of using DCD and TCD for distinguishing particular defect types and to calculate the x-ray reflection curves and DXS on the basis of both defect models. The theoretical calculations are compared with experimental results.
Theoretical descrlptlon
In the semi-kinematical approach the amplitude of the wave diffracted from a crystalline layer in a certain p i n t r at the surface is given by the wavefield in the crystal along the line l ( r ) going through T in the direction of the diffracted wave:
. .
(1)
where X h is the appropriate Fourier component of the polarizability of the perfect crystal, K = 1/X is the vacuum wavevector length and Yh is the direction cosine of the diffracted wave with respect to the inward X-ray diffractometly of small defects in layered systems This series accounts for both the 'rapid' periodicity of the mean SL crystal lattice and the 'slow' artificia1 SL periodicity. Considering (4) the above formalism can also be applied for a periodical SL, in the formulae (I), (2) xh should be replaced by X h H and the correlation function
(5)
The random function t ( r ) describes a discrepancy from the artificial SL periodicity, Le. the interface roughness.
surface normal. Du(r') is the transmitted wave in the crystal approximated by the incident wave with an extra absorption term. The displacement of the atoms from their ideal positions due to defects is described by the vector U ( . ' ) . We assume that U is a random vector and we restrict ourselves to the case that all the measured quantities are averaged over all macroscopically equivalent defect configurations. Thus, we assume the mean distance between two neighbouring defects much smaller than the irradiated sample volume. The statistical ensemble averaging will be denoted by ().
We describe the emitted x-ray wavefield by the following mutual coherence function [ 
lo] (MCF) r ( T , r ' ) = ( D ( T ) D ( T ' ) * ) .
Using (1) the MCF can be expressed as
r ( T , T ' ) = (~~~/ Y h ) ' I X h I Z
where
is the correlation function of the crystal deformation field and ro(z, 2') is the MCF of the incident beam. The coherence approach is suitable for calculating both the diffracted intensity and its angular distribution (DXS intensity). The intensity is simply given by I ( r ) = r ( r , T ) and its DXS intensity is [lo]
provided that the diffracted beam is homogeneous. The integration region S is the exit crystal surface. Then, awarding to [2,10], the DXS intensity measured by a TCD diffractometer is given by an integral of J ( q ) over qv where the y axis is perpendicular to the plane of diffraction. The resulting quantity is a function of two independent variables-angle of incidence of the primary beam a and the remaining coordinate qr of q. This quantity represents a distribution of the diffusely scattered intensity near the reciprocal lattice point in the plane of diffraction. The appropriate transformation formulae from o ( and qs to coordinates qI and QZ in the reciprocal space o n be found in [2].
The formalism presented here can be used not only for description of x-ray diffraction in single heteroepitaxial layers but also for periodical superlattices. It has been shown in [9] that in the two-wave approximation (i.e. not far from the satellite diffraction maximum) a periodical SL can be treated as a homogeneous crystal, whose Fourier coefficient x,, is replaced by the coefficient X~H from the following expression for the susceptibility X ( T ) S (3)
The defect models
In model I, the crystal volume is divided into randomly misoriented mosaic blocks. For the sake of simplicity we assume that the random rotation vector 'p has the normal isotropic distribution with zero mean and mean square dispersion A'. Further, we neglect a possible anisotropy of the shape of the blocks, i.e. the probability of finding two arbitrary points T and r' in the same block depends only on lr -?'I. The mean block radius is denoted by R. The explicit formula for C ( r , r ' ) is rather complicated; it will be published elsewhere Ill]. In the case of an SI. with mosaic structure (a strained-layer SL) the influence of a possible interfacial roughness is very weak compared with that of the mosaic structure, therefore, 1 (~) = 0 can be assumed. Using the theory above we obtain direct formulae for the diffracted intensity I and its angular distribution J as functions of Rand A. Numerical simulations not shown here confirmed that the mosaic structure affects all the diffraction satellites of a SL in the same way, Le. the MMS and shapes of all the satellites are identical. The details of model I1 have been published in 191. We assumed U = 0, ie. the 'rapid' periodicity is not disturbed and, therefore, the layers have an ideal clystal structure. The random profile t ( z , y, z j ) of the jth interface in a SL has been characterized by the correlation function (5) containing two statistical parameters: the mean square roughness 0 : of the first interface (near the substrate) and the lateral correlation length A. In the model we assumed that crj = jof, Le. the interface roughness grows towards the surface. The lateral roughness correlations are substantial for calculating the DXS intensity. In our model we assumed that the mugh interface is described by a Poisson-like random process, thus, the lateral correlation in the same interface is K(Ir -~' 1 ) = exp(-lr -r ' l / A ) . From the theory it follows that within this model the influence of the defects grows with the diffraction satellite order m approximately as mZ, i.e. the FWHMS of the satellites grow with increasing m. Therefore, if m = 0, i.e. in the case of the main diffraction maximum, the roughness has no influence on the diffraction and the SL behaves as an ideal structure.
It is worth noting that for both models the integrated reflectivity of the difbaction maximum (or of the satellite for the case of a SL) is the same as that for an ideal structure. On the contrary, a possible interdiffusion taking place at interfaces in a SL diminishes the integrated reflectivity of the satellite.
Examples
We will show now the possibilities of the theory described above in analysing experimental DCD The experimental details will be published in a forthcoming paper [I 11 . Figure 2 shows the DXS contour map measured by TCD and the map calculated on the basis of the R , A values above. The determination of the correlation length .Z was not successful as the statistic31 error resulting from the numerical least-square-fit procedure made about @% of its value. The m1ue. s of .\ known from litcrature-about 100 nm or more-are very small and thus the use of a conventional x-ray tube is not appropriate.
plotted for a DXS near a reciprocal lattice point due to rough interfaces in the same SL. From the theory it follows that the shape of the J ( 41 = 0, q z ) dependence, i.e. the cut of the contour map along the 42 axis yields a Fourier transformation of the lateral correlation function A' ( I+ -+'I).
Discussion
In figure 1 it can be seen that the theory explains the shape of the DCD reflection curves of a mosaic EL quite well. Other measurements, which will be published elsewhere [ll] , have shown that the d u e s R and A obtained from those curves measured in various difiactions coincide within the error limits. The structure model of the mosaic blocks can be refined considering a possible strain deformation of the blocks and/or their plate-like shape.
The shapes of the measured ( figure 2(0) ) and calculated ( figure 2(b) ) DXS intensity contour plots agree qualitatively. The parameters R and A can be obtained by fitting the theoretical and experimental DXS plots with higher accuracy than ffom the DCD curves. This will be the subject of further investigations.
It is well known from the literature [12] that relaxed epitaxial layers grown on substrates with great lateral lattice misfit exhibit a significant structural inhomogeneity in the growth direction. It could be expected that towards the free surface of the layer its crystalline quality improves. This phenomenon was not considered in our structure model. The inhomogeneity can be studied by our method using various diffractions or wavelengths with various penetration depths.
The crystal structure of nearly strain-free SLS (such as AIAs/GaAs) is very good, so that the DXS caused by defects I1 could hardly be detected using a conventional x-ray source. The presence of these defects, however, can be stated by a DCD measurement with a usual xray tube. The diffracted intensity measured by a DcD is integrated over the Ewald sphere near the reciprocal lattice point (i.e. the x-ray detector with an open window sums all the waves propagating with various directions), so that this intensity is much more sensitive to a possible interface roughness than a DXS intensity measured by a TCD. Nevertheless, a direct measurement of the DXS by a TCD could bring direct information concerning the correlation properties of the roughness at the same interface.
The above theory could also be applied for h = 0. This case corresponds with the small-angle x-ray reflection occuring both in crystalline and in amorphous SLS. Since the theory does not include the total specular x-ray reflection occurring at the sample surface, the results would be incorrect for incidence angles near the critical angle of the total x-ray reflection.
Conclusion
The semi-kinematical description of x-ray diffraction in thin layerj with defects and the optical coherence In figure 5 the calculated equi-intensity contours are V Holg et a/ approach make it possible to calculate the diffracted intensity and its angular distribution (diffuse x-ray scattering) for various defect models. The theory predicts the shapes of diffraction maxima and their integrated intensities, so that the predominating defect type can be estimated. A detailed numerical analysis of DCD reflection curves and DXS distribution in the reciprocal plane enables,= M state mean values of the defect parameters, if an appropriate defect model is assumed. Therefore, for a complete analysis of the defects struo ture of a layered system a combination of various experimental methods is desirable. Application of the theory for real superlattices with nearly perfect layers (AU'BV SLS), however, demands for a more powerful x-ray source.
